Histone acetylation and deacetylation activate or repress transcription, yet the physiological relevance of reversible changes in chromatin structure and gene expression is poorly understood. We have shown that disrupting the expression of AtHD1 that encodes a putative Arabidopsis thaliana histone deacetylase induces a variety of developmental abnormalities. However, causal effects of the AtHD1 disruption on chromatin structure and gene expression are unknown. Using Arabidopsis spotted oligo-gene microarray analysis, here we report that >7% of the transcriptome was up-or down-regulated in A. thaliana plants containing a T-DNA insertion in AtHD1 (athd1-t1), indicating that AtHD1 provides positive and negative control of transcriptional regulation. Remarkably, genes involved in ionic homeostasis and protein synthesis, were ectopically expressed, whereas genes in ionic homoeostasis, protein transport, and plant hormonal regulation were repressed in athd1-t1 leaves or flowers, suggesting a role of AtHD1 in developmental and environmental regulation of gene expression. Moreover, defective AtHD1 induced site-specific and reversible acetylation changes in H3-Lys9, H4-Lys12, and H4 tetra-lysines (residues 5, 8, 12 and 16) in homozygous recessive and heterozygous plants. Transcriptional activation was locus-specific and often associated with specific acetylation sites in the vicinity of promoters, whereas gene repression did not correlate with changes in histone acetylation or correlated directly with H3-Lys9 methylation but not with DNA methylation. The data suggest that histone acetylation and deacetylation are promoter-dependent, locus-specific and genetically reversible, which provides a general mechanism for reversible gene regulation responsive to developmental and environmental changes.
Introduction
Acetylation and deacetylation of lysine residues in the N-termini of core histones are catalyzed by intrinsic histone acetyltransferases (HATs) and histone deacetylases (HDs, HDAs, HDACs), providing a mechanism for reversibly modulating chromatin structure and transcriptional regulation (BROWNELL and ALLIS 1996; JENUWEIN and ALLIS 2001) . Hyperacetylation relaxes chromatin structure and activates gene expression, whereas hypoacetylation induces chromatin compaction and gene repression. In contrast to "cemented" chromatin modifications such as DNA and histone methylation (JENUWEIN and ALLIS 2001; RABINOWICZ et al. 2003; RICHARDS and ELGIN 2002) , histone acetylation and deacetylation are reversible and therefore play a unique role in transcriptional regulation associated with developmental programs and environmental conditions, including day-length (TIAN et al. 2003) , flowering (AUSIN et al. 2004; HE et al. 2003; KIM et al. 2004) , osmotic and oxidative stress (BRUNET et al. 2004; DE NADAL et al. 2004) , and cell aging (IMAI et al. 2000) Arabidopsis has 17 members of a putative histone deacetylase family (PANDEY et al. 2002) . AtHD1, a RPD3 homolog in yeast, has four closely related members, namely, AtHD1 (or AtHDA19), AtHDA6, 7, and 9 (TIAN et al. 2003) . Other members of the gene family include seven RPD3/HDA1-like genes, two SIR2 homologs, and four plant-specific HD2 genes (WU et al. 2003) . Different members within a group might have evolved specific functions. Indeed, AtHDA6 is responsible for silencing transgenes, repetitive DNA, and rDNA loci (AUFSATZ et al. 2002; LIPPMAN et al. 2003; MURFETT et al. 2001; PROBST et al. 2004) , whereas AtHD1 is a putative global transcriptional regulator throughout Arabidopsis development (TIAN and CHEN 2001; TIAN et al. 2003) . Disrupting AtHD1 by anti-sense AtHD1 expression (TIAN and CHEN 4 2001) or T-DNA insertion (athd1-t1) (TIAN et al. 2003) induces various developmental abnormalities and ectopic expression of tissue-specific genes such as SUPERMAN (TIAN and CHEN 2001) . It is unclear whether and how AtHD1 directly affects chromatin structure of the target genes and plant development. Using spotted oligo-gene microarrays (LEE et al. 2004 ), we analyzed genome-wide changes in gene expression in athd1-t1 lines during vegetative growth and flower development. Moreover, we examined histone acetylation and gene expression changes in the wild-type, heterozygous, and homozygous athd1-t1 plants using immuno-blot and chromatin immunoprecipitation (ChIP) assays. The data indicate that 1) AtHD1 both negatively and positively regulates the expression of different sets of genes during leaf and flower development; 2) disrupting AtHD1 induces site-specific and reversible changes in histone acetylation and irreversible changes in histone methylation; 3) gene activation is associated with increased levels of site-specific histone acetylation, whereas gene repression does not correlate with changes in histone acetylation or correlate with histone methylation; and 4) changes in gene expression and histone acetylation are locus-specific, occur in vicinity of the promoter, and are independent of DNA methylation. The data obtained in AtHD1 defective lines together with previous findings of the involvement of histone deacetylases in stress response (BRUNET et al. 2004; DE NADAL et al. 2004) , flower development (AUSIN et al. 2004; HE et al. 2003; KIM et al. 2004; TIAN et al. 2003) , and cell aging (HEKIMI and GUARENTE 2003; IMAI et al. 2000) suggest that reversible modifications of histone acetylation and deacetylation provide an active and dynamic mechanism for gene regulation responsive to changes in developmental programs and environmental cues.
Materials and Methods
Plant materials. Arabidopsis thaliana ecotype Ws (AtHD1/AtHD1, +/+), AtHD1/athd1-t1 (+/-), and athd1-t1/athd1-t1 (-/-) plants were produced as previously described (TIAN et al. 2003) . The heterozygous plants (+/-) were generated by backcrossing the homozygous plants (-/-) to Ws (+/+) for inheritance studies on changes in histone acetylation and methylation. The plants were grown in a growth chamber with growth conditions of 22ºC/18ºC (day/night) and 14 hour of illumination per day. DNA and RNA were isolated from tissues collected from a pool of 32 plants in each line. Rosette leaves were collected at pre-bolting stage (~3 weeks) for DNA and RNA preparation and chromatin immunoprecipitation (ChIP), while flower buds were harvested after the first flower bloomed.
DNA and RNA analyses. Total RNA was extracted using the Trizol reagent (Invitrogen). DNA isolation and DNA or RNA blot analysis were performed as previously described (TIAN et al. 2003) . For microarray and RT-PCR analyses, the mRNA was isolated from 500 µg of total RNA with FastTrack 2.0 mRNA isolation kit (Invitrogen). RT-PCR analysis was performed using 500 ng of mRNA mixed with 1 µl of oligo-dT (Amersham) and 2 µg of random nonamer (Gene Link) in a total volume of 17 µl for denaturation and primer annealing using SuperScript II reverse transcriptase. The synthesized cDNA was purified by QIAquick kit (Qiagen) and adjusted to a final concentration of 15 ng/µl. An aliquot of 0.5 µl was used for PCR reaction in the volume of 25 µl using the primers designed according to the 3' end sequences (tables S3-4).
The PCR reaction included 1 cycle of 94ºC for 2 min, 30 cycles of 94ºC for 30 sec, 52ºC for 30 6 sec, and 72ºC for 1 min. The ACTIN2/7 gene was amplified and served as a control (TIAN et al. 2003 ). An aliquot of 5 µl RT-PCR products was used for agarose gel electrophoresis.
Microarray analysis. Spotted oligo-gene microarrays were developed as previously described (LEE et al. 2004) . Gene names and accession numbers of the 26,090 70-mer oligos can be found at http://oligos.qiagen.com/arrays/oligosets_arabidopsis.php. Each slide was printed with 27,648 features, including 26,090 70-mer oligos and controls (CHEN et al. 2004) . Slide hybridization, washing, and scanning were modified from a published protocol (LEE et al. 2004) . Four repeated dye-swap experiments were performed in each comparison (e.g. Ws vs. athd1/athd1 in leaves) ( fig. S1 ). The data were normalized using a robust local-linear regression (lowess) (CLEVELAND 1979) and analyzed statistically using a linear model (LEE et al. 2004) . We selected the genes found to be statistically significant (α = 0.05 with multiple comparison correction) using the pergene variance assumption (table S1). Functional categories of up-and down-regulated genes in leaves and flower buds of the athd1-t1 line were classified using PENDANT (http://mips.gsf.de/proj/thal/db/index.html) and compared using Venn diagrams.
ChIP assays. ChIP was modified from a published protocol (LAWRENCE et al. 2004) .
Approximately 1 g of leaves or 0.5 g of flower buds was used for each ChIP assay. The fresh tissues were subjected to vacuum infiltration in a formaldehyde (1%) solution for cross-linking the chromatin proteins to DNA. Chromatin was extracted and sonicated (Fisher, Model 60 sonicator) at half maximal power for 5x10 sec pulses with chilling on ice for 3 min after each pulse. The average size of the resulted DNA fragments produced was ~0.3-1.0-kb. An aliquot of chromatin solution (1/10 of total volume) was used to determine the DNA fragment sizes and serve as input DNA. The remaining chromatin solution was diluted 10-fold and divided into two aliquots. One aliquot was incubated by adding 10 µl of antibodies (anti-tetra-acetyl-histone H4, anti-acetyl-histone H4-K12, anti-dimethyl-histone H3-K9, or anti-acetyl-histone H3-K9, Upstate Biotechnology, NY). The other aliquot was incubated without antibodies (as a control). After incubation at 4ºC with rotation for overnight, the solution was added to 40 µl of DNA/protein A agarose and incubated for another 2 hours. The immunocomplexes were eluted and crosslinks were reversed by incubation at 65ºC for 6 hours. Residual protein was degraded by proteinase K and DNA was extracted and dissolved in 50 µl of ddH 2 O.
ChIP and chop PCR. An aliquot (1 µl) of ChIP DNA was used for semi-quantitative PCR analysis to determine the amount of genomic DNA immunoprecipitated in the ChIP assays (LAWRENCE et al. 2004 ) using the primer pairs designed from promoter and/or coding regions of the genes (tables S4-6), which amplified ~350-bp DNA fragments. The concentration of each ChIP DNA sample was adjusted empirically such that an equal amount of Act2/7 was amplified (TIAN et al. 2003) . All PCR reactions were performed in 25 µl using 1.0 µl of immunoprecipitated DNA for 25-35 cycles of PCR amplification. For chop PCR, 1 µg of DNA was digested to completion using McrBC. PCR was performed using an aliquot of 50 ng of the digested DNA and the same primer pairs used in the ChIP assays in a 25-µl PCR reaction for 25 cycles of amplification.
Results and Discussion
Genome-wide analysis of gene expression changes in athd1-t1 lines. We analyzed transcriptome changes in the athd1-t1 line in leaves and flower buds, two important developmental stages. In each comparison, we performed four dye-swap experiments using two biological replicates ( fig. S1, table S1 ). The data were analyzed using a linear model and the results were adjusted for multiple comparisons (LEE et al. 2004) in order to test the null hypothesis of no differential gene expression between the wild type (Ws) and athd1-t1. The data were analyzed using two versions of the same statistical test (i.e., t-test). The first analysis was based on a t-test using a common variance assumption for all genes, while the second analysis acknowledged the per-gene variances for individual genes via the biological replicates. The genes found to be statistically significant (α = 0.05) under per-gene variances included those that had relatively small fold-changes but may be biologically relevant (LEE et al. 2004) . We detected 2,789 (or 10.7%) and 2,010 (or 7.8%) genes that were significantly different between Ws and athd1-t1 in leaves and flower buds, respectively (table S1). For further analyses using chromosomal display and semi-quantitative RT-PCR analysis, we selected the genes that were statistically significant, and more than ±1.25-fold changes between the two lines in the leaves (1,753 or 6.7%) or flowers (1,263 or 4.8%). The arbitral fold-cut (±1.25) was used because it is probably the fold-change limit that can be detected by other assays such as RT-PCR (LEE et al.
2004).
Yeast RPD3 is a transcriptional regulator (BERNSTEIN et al. 2000; VOGELAUER et al. 2000 ) that affects many genes located near telomeres. To determine whether AtHD1 has specific chromosomal targets, we mapped the differentially expressed genes in five Arabidopsis chromosomes (Fig. 1a) , generating transcription maps in leaves and flowers in the athd1-t1 lines.
The differentially expressed genes were randomly distributed relative to the oligo-gene density across five chromosomes. There was no obvious cluster of up-or down-regulated genes in a specific region. Moreover, relatively equal numbers of genes were up-or down-regulated in the athd1-t1 line, suggesting that AtHD1 is a negative and positive regulator of gene expression.
A subset of the genes encoding transcription factors and homeotic proteins important to plant development detected in microarray analysis was verified by semi-quantitative RT-PCR or RNA blot analysis ( The differentially expressed genes detected in the athd1-t1 leaves and flowers were classified into 15 functional and one unclassified categories (ARABIDOPSIS GENOME INITIATIVE 2000) (Figs. 1d and f). Remarkably, the number of genes involved in ionic homeostasis and transport facilitation affected by athd1-t1 in both leaves and flowers was 40-85% higher than a genome-wide average, indicating a general role of AtHD1 in response to various growth conditions such as osmotic and oxidative stress and cell aging as observed in yeast and mammalian cells (BRUNET et al. 2004; DE NADAL et al. 2004; IMAI et al. 2000) . The number of differentially expressed genes in plant hormonal regulation and protein synthesis was 40-150% higher in the leaves than in the flowers, suggesting an important role of AtHD1 in phytohormone-dependent gene regulation during vegetative growth. The genes in metabolism and cellular biogenesis were affected by athd1-t1 more in the flowers than in the leaves, suggesting a role of AtHD1 in rapid cell divisions and cellular growth during flower development (MEYEROWITZ 1996) . Notably, transposons were underrepresented in the athd1-t1 lines, suggesting that in contrast to AtHDA6 (AUFSATZ et al. 2002; LIPPMAN et al. 2003; MURFETT et al. 2001; PROBST et al. 2004) , AtHD1 generally does not affect repetitive DNA.
Changes in histone acetylation, methylation, and gene expression in the wild-type, heterozygous, and homozygous athd1-t1 plants. In order to study inheritance of changes in histone acetylation and methylation, the heterozygous plants (+/-) were generated by backcrossing the homozygous athd1-t1 plants (-/-) to wild-type plants (+/+). The overall levels of H4 tetra-lysine, H4-K12, and H3-K9 acetylation were increased 1.5-4 fold in the leaves of athd1-t1 homozygous (-/-) plants (Fig. 2) , whereas H4 K5 acetylation levels were not affected (data not shown). Both wild-type (Ws, +/+) and heterozygous (+/-) plants had similarly low levels of acetylated histones, suggesting that histone acetylation and deacetylation are reversible.
However, H3-K9 methylation was decreased in both homozygous recessive and heterozygous plants, suggesting that histone methylation is irreversible and that some residual methylation remains in the heterozygous plants. In the athd1-t1 line the decreased levels of H3-K9-dimethyl correlated with the increased levels of H3-K9 acetylation, indicating a mutually exclusive competition between acetylation and methylation for the specific lysine residue (JENUWEIN and ALLIS 2001) . Moreover, histone methylation appears to be suppressed in the homozygous plants to the same extent as in the heterozygous plants, even though the phenotypic effects are only observed when homozygous for the knockout mutation.
Chromatin immunoprecipitation (ChIP) assay (LAWRENCE et al. 2004 ) was used to investigate the role of a specific histone modification in the expression of target gene in Ws, heterozygous, and homozygous athd1-t1 plants (Fig. 2b , Table 2, and table S5 ). Gene activation was related to hyper-acetylation of specific lysine residues with a few exeptions. H4-tetra and H3-K9 acetylation levels correlated with up-regulation of LHY and APRN and the H4-K12 acetylation level with activation of PGP1 and CSD2. Up-regulation of bzip11 was associated with H3-K9 acetylation but not H4-tetra acetylation, suggesting specificity for gene activation.
Furthermore, bzip11 activation also correlated with lower levels of H3-K9-dimethyl, providing evidence that histone H3-Lys9 is the site for acetylation and methylation competition, leading to gene activation or repression. It is notable that the acetylation level of a few genes was increased in the heterozygous plants, suggesting that potential epigenetic lesions may be induced by athd1-t1 via changes in "cemented" modifications such as histone methylation.
Eight out of eleven genes tested (Figs. 2 and 3a , Table 2 ) were associated with acetylation and/or methylation changes in at least one specific lysine residue. SUP was up-regulated in athd1-t1 plants and in plants over-expressing anti-sense AtHD1 (TIAN and CHEN 2001) ; however, no changes in acetylation were detected. Two genes were repressed but their acetylation levels remained unchanged in the sites examined. The data suggest that disrupting AtHD1 expression also indirectly affects a set of downstream genes by activating transcriptional activators or repressors, as observed in yeast rpd3 deletion mutants (BERNSTEIN et al. 2000; ROBYR et al. 2002) . Alternatively, other specific untested lysine residues (JENUWEIN and ALLIS 2001) may be responsible.
Changes in histone acetylation and gene expression are locus-specific. Although histone acetylation directly affects the expression of target genes, it is unclear whether the altered acetylation status is localized or diffusible. To address this, we randomly selected two regions (~30 kb each) containing up-regulated and unaffected genes in chromosomes 2 and 4. ChIP analysis was performed for the selected loci and their neighboring genes (Table 2 and tables S3-5). Up-regulation of At2g36910 in the leaves and At4g34590 and At4g34620 in the flowers was associated with increased levels of H4-K12Ac and H3-K9Ac, respectively (Fig. 3a, b) . Their neighboring genes located within the vicinity did not exhibit changes in acetylation levels. The data are reminiscent of results obtained from ChIP analysis of 88 genes in tobacco . Histone H4 acetylation occurs in the 300-600-bp sequences of the promoters or coding regions for 1/3 of the genes. Together, the data suggest that unlike histone methylation, which may spread into neighboring heterochromatin regions (NOMA et al. 2001) , histone acetylation targets specific loci and does not affect the adjacent chromosomal domains examined.
Changes in histone acetylation are detected within the vicinity of promoters. If histone acetylation is localized in a specific locus, it may affect promoters exclusively or other coding and non-coding sequences. To distinguish these scenarios, we mapped acetylation profiles in two loci, LHY (At1g01060) and ARPN (At2g02850), using primers designed to amplify individual DNA fragments spanning the promoters and coding sequences (Figs. 3c and 3d) . As expected, both H4-tetra and H3-K9 acetylation levels were dramatically increased within the promoter region (~500-bp) of the genes. No acetylation changes were detected beyond 500-bp upstream of the start codon or downstream after the first exon. Thus, acetylation is localized to a relative small region from ~500-bp of the promoter to the first exon, suggesting that AtHD1 modifies the chromatin structure within the promoter to prevent transcriptional initiation.
No DNA methylation changes were detected in a subset of genes that display expression changes in athd1-t1 lines. Histone deacetylases are in the MeCP2 (NAN et al. 1998 ) and Dnmt1 (FUKS et al. 2000) complexes, suggesting that disrupting histone deacetylation may reduce DNA methylation levels, although changes in DNA methylation profiles in the centromeres and rDNA loci were not detected (TIAN and CHEN 2001) . A "chop" assay without ChIP (LAWRENCE et al.
2004) using
McrBC-digested DNA was used to determine whether the genes activated by histone acetylation are correlated with reduced levels of DNA methylation in the same loci ( Fig. 2b and   Fig 4a) . None of the nine loci tested showed changes in DNA methylation between the Ws and athd1-t1 lines, although they displayed increased acetylation levels in at least one site (Table 1) .
As a control, the centromeres were de-methylated in ddm1 but not in athd1-t1 plants.
The data suggest a mechanistic role of reversible histone acetylation and deacetylation in the transcriptional control of gene expression responsive to developmental programs and environmental cues (Fig. 4b) . Consistent with this model, AtHD1 acts primarily on euchromatic regions but not transposons and repetitive DNA, providing new evidence that AtHD1 and AtHDA6 may have diverged functions. It is believed that core histones are acetylated in cytoplasm before they are transported into cell nuclei and further incorporated into chromatin during assembly (BROWNELL and ALLIS 1996; KUO and ALLIS 1998) . Histone deacetylases are recruited by transcriptional repressors, such as pRB (BREHM et al. 1998; LUO et al. 1998 ), YY1 (YANG et al. 1996) , NcoR (ALLAND et al. 1997) , and Ume6 (KADOSH and STRUHL 1997), to fine-tune the acetylated sites so that the genes are turned "off". The genes remain active if hypo- (AUSIN et al. 2004) . FVE has dual roles in regulating FLC and cold-responses (KIM et al. 2004) . Surprisingly, FLC expression and acetylation levels were not affected in the athd1-t1 lines that delayed flowering for three days (TIAN et al. 2003) . It is likely that disrupting AtHD1 activates some other genes in the flowering pathways that normally repress flower transition. Alternatively, other histone deacetylase associated proteins may be involved (HE et al. 2003) .
There is evidence that gene expression on stress is induced by the interaction of MAPK Hog1 with the osmotic responsive promoters through recruitment of Rpd3-Sin3 histone deacetylase (DE NADAL et al. 2004) . Mammalian cells lacking the histone deacetylase complex are sensitive to osmotic stress. The data indicate that MAPK Hog1 recruits Rpd3-Sin3 and targets to the promoter of osmotic responsive genes leading to histone deacetylation, which activates gene expression. Although the actual link between histone deacetylation and gene activation is unknown, the responses to osmotic stress responsive genes are dependent on Rpd3-Sin3 not other histone deacetylases. In plants, the mutation in FVE induces cold tolerance and late flowering (KIM et al. 2004) . Moreover, Arabidopsis homologues of Gcn5 and Ada transcription factors interact with CBF1, a transcriptional activator involved in cold responsive gene expression (STOCKINGER et al. 2001) . Transgenic plants over-expressing anti-sense AtHD1 display pleiotropic developmental abnormalities including early senescence (TIAN and CHEN 2001) . SIR2, an NAD-dependent histone deacetylase, is associated with yeast cell aging (HEKIMI and GUARENTE 2003; IMAI et al. 2000; SMITH et al. 2000) . SIRT1, a mammalian Sir2 homolog, appears to control the cellular response to oxidative stress by regulating the FOXO family of Forkhead transcription factors (BRUNET et al. 2004) . It is plausible that reversible reactions of histone acetylation and deacetylation are responsible for perceiving environmental and developmental signals (Fig. 4b) . These environmental signals are exerted by interacting with transcriptional activators (e.g., FOXO) (BRUNET et al. 2004) , repressors (e.g., FVE) (AUSIN et al. 2004) , and/or molecules involved in signal transduction (e.g., MAPK) (DE NADAL et al. 2004 ).
These molecules recruit histone deacetylases to the promoters of the environmental or developmental responsive genes, which in turn remodels the chromatin and activates or represses transcription. The process is reversible so that the elevated levels of transcription may return to a "normal" state when the signals are removed or absent. However, if chromatin modifications involve histone or DNA methylation, the process is cemented and irreversible (JENUWEIN and 16 ALLIS 2001; RICHARDS and ELGIN 2002) and some residual effects may remain (STOKES et al. 2002; STOKES and RICHARDS 2002) . To avoid this, a specific set of histone deacetylases such as AtHD1, Rpd3 (DE NADAL et al. 2004), and Gcn5 (STOCKINGER et al. 2001 ) may be involved in the modification of some specific lysine residues (e.g. H3-K9) to induce dynamic and reversible changes in gene regulation (Fig. 4b) . The available data collectively suggest that histone acetylation and deacetylation play an active and reversible role in the modulation of gene expression in response to changes in developmental programs and environmental cues. Shared: shared sets of genes that whose expression level differences were found to be statistically significant using both common variance and per-gene variance; The last column indicates the number of differentially expressed genes using an arbitrarily cut for fold-change (±1.25) from the genes selected based on per-gene variance. 2. fig. S1 3. tables S1-5
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